A recently reported chitinase gene, expressed in the infective, third-stage (L3) larvae of the human filarial parasite Onchocerca volvulus, belongs to the family 18 glycosyl hydrolases and has been designated Ov-chi-1. The gene product of Ov-chi-1 is chitinolytic. Allosamidin ablates activity of the native enzyme in a dose-dependent manner but did not significantly inhibit the moulting of L3 larvae. Mono-specific antibodies were used to characterize Ov-CHI-1 as a 60-kDa protein expressed almost exclusively in L3 stages. Immunoelectron microscopy showed that Ov-CHI-1 expression is initiated in late L2 larvae and increases markedly in infective, L3 larvae. It is synthesized exclusively in the glandular esophagus and stored within discrete secretory granules. Secretion occurs through de-granulation during post-infective development, and the primary route of transport appears to be via the pseudo-coelom. An orthologue of Ov-chi-1 was detected in Caenorhabditis elegans by BLAST analysis. It is constitutively expressed at a low level and is overexpressed in dauer larvae and embryonated eggs. It is chitinolytic. We conclude that Ov-CHI-1 is a highly stage-specific enzyme that may have a role in infectivity of the parasite, aiding escape from the vector or participating in early post-infective migration and/or development. The identification of an orthologue in C. elegans opens the way for further studies into the biological function(s) of this intriguing parasite product.
hydrolysis site (3, 4) . Chitinases of family 18 have been well studied, with information available on the three-dimensional structure and the biochemistry of the enzyme reaction. This progress can be applied to the other members of the family, thereby enhancing an understanding of their individual roles.
Chitinases have been detected in several parasitic organisms, including malaria parasites (Plasmodium spp.), hemoflagellate protozoa (Leishmania and Trypanosoma), and filarial nematodes (5) (6) (7) (8) (9) . Interestingly, all of these taxa are transmitted by blood-sucking arthropods, in which the internal tissues are bound by chitinous material. Several experiments have pointed to a relationship between chitinase and parasite transmission (10 -12) . The evidence, however, in the filarial nematodes is more complex because of the existence of multiple genes and a spectrum of tissue and stage-specific expression patterns (8, 9, 13, 14) . The interest in filarial chitinases stems primarily from their potential as a drug or vaccination target. For example, immunization with a recombinant chitinase expressed by the microfilariae of Brugia malayi induces partial protection against microfilaremia in Mongolian Jirds. DNA vaccination with the chitinase gene that is the subject of this report induces significant protection against the infective, third stage (L3) 1 larvae of Onchocerca volvulus in mice (15) . In contrast with the B. malayi chitinase, the O. volvulus chitinase is expressed by developing larvae (8) . It was cloned by PCR using primers based on an L3-specific chitinase from the rodent filaria, Acanthocheilonema viteae (8) . By using the established nomenclature proposed by Blaxter and colleagues (16) , this gene has been designated Ov-chi-1. It is the first chitinase gene to have been cloned from Onchocerca parasites, although the presence of a chitinase in the reproductive tract of Onchocerca gibsoni has been known for a number of years (17, 18) .
Filarial nematodes are important human pathogens, and O. volvulus is one of the most significant from a public health perspective, causing the condition known as "River Blindness" that is characterized by skin and ocular pathology (19, 20) . Like other members of the superfamily Filarioidea, it is a highly specialized parasite with a life cycle involving development in both arthropods and vertebrates. The infective L3 larvae are the stage involved in transmission from blackflies (Simulium spp.) to humans. Gene products expressed by infective larvae are therefore of particular interest. Ov-CHI-1 was identified as an orthologue of a chitinase in A. viteae that is synthesized and secreted coincident with the timing of transmission (8) . However, the characteristics of the chitinase in the human parasite had not been determined. In this paper, we describe the biology of expression and secretion of the O. volvulus enzyme. This exhibits many parallels with the A. viteae chitinase and suggests that chitinases may be important products of infective larvae for some filarial species, contributing to infectivity of L3 larvae for their vertebrate hosts.
EXPERIMENTAL PROCEDURES
Parasite Material-Adult worms and microfilariae of O. volvulus were recovered from nodules excised from patients attending a clinic at the Medical Research Laboratories in Kumba, Cameroon (as part of a clinical management program). Microfilariae were purified on discontinuous Percoll gradients, as described (21) . Blackflies (Simulium damnosum s.l.) infected with O. volvulus developing larvae were obtained from the Medical Research Laboratory at Kumba, Cameroon (courtesy of Drs. S. Lustigman and P. Enyong). Cryopreserved infective larvae were supplied by Dr. Lustigman (New York Blood Center), operating an Onchocerciasis Resources Project on behalf of the Edna McConnell Clark Foundation (New York). The related filaria, A. viteae was obtained from a laboratory-adapted cycle maintained in Mongolian jirds (Meriones unguiculatus) and argasid ticks (Ornithodorus tartakovskyi). L3 larvae were obtained from ticks infected at least 28 days previously. Adult worms were recovered from the subcutaneous tissues of jirds 60 days or greater following infection. B. malayi adult worms and microfilariae (supplied by TRS Laboratories) were obtained from Mongolian jirds 90 days or more after infection. L3 larvae were obtained from mosquitoes 12-15 days after infection (22) .
Expression of Recombinant Ov-CHI-1-The full-length Ov-chi-1 cDNA was obtained from an O. volvulus L3 cDNA library in Uni-ZAP ER (courtesy of Professor Steve Williams, Smith College) as described (8) . This was amplified from the bacteriophage DNA by PCR using forward (5ЈGGGAAGCTTGGTTATGTTCGAGGATG3Ј) and reverse (5ЈGGATCCAAATCATTTGCATCTATT3Ј) primers corresponding with the ends of the open reading frame sequence. The amplified product was subcloned into the TA vector, pCR2.1-TOPO (Invitrogen, The Netherlands). The insert from pCR2.1-TOPO was re-amplified to subclone it into the expression vector expression vector, pJC40 (23) . For this, forward (5ЈGGGCATATGCGAATTGGAGCTATG3Ј) and reverse (5ЈGGATCCAAATCATTTGCATCTATT3Ј) primers were used, into which were incorporated NdeI and BamHI sites to aid directional cloning. Digestion with NdeI and BamHI resulted in two fragments due to an internal NdeI site, a 5Ј fragment (1107 base pairs) and a 3Ј fragment (528 base pairs). Each of these fragments were ligated into pJC40 and expressed. A full-length cDNA insert was also generated by partial NdeI and BamHI digestion and was expressed in pJC40. Because of spontaneous truncation of the protein product (see below), a further construct was made based on sequences downstream of the signal peptide. An insert corresponding with the mature protein was generated by amplification using the alternative forward primer 5ЈGAAGCT-TGGTTATGTTCGAGGATG3Ј. Each of the constructs in pJC40 were transformed into Escherichia coli DE3 cells, induced with isopropyl-1-thio-␤-D-galactopyranoside, and expressed as a fusion with an N-terminal polyhistidine tag. Recombinant protein was purified by affinity chromatography on a nickel column (Probond resin, Invitrogen) according to the manufacturer's instructions.
Production of Monospecific Antibodies-Antibodies to recombinant Ov-CHI-1 proteins were produced in rabbits by immunization with 100 g of antigen emulsified in Freund's complete adjuvant (for the first inoculation) or Freund's incomplete adjuvant (subsequent inoculations). Antigens were administered by subcutaneous injection on each of three occasions, at intervals of 3 weeks. Rabbits were bled 8 days after boosting. Specificity of the antibodies was tested by probing immunoblots of recombinant proteins and parasite extracts (see below).
Gel Electrophoresis and Immunoblotting-Proteins were extracted from parasites by boiling for 5 min in electrophoresis sample buffer (3% (w/v) SDS, 62 mM Tris-HCl, pH 6.8, 15% (v/v) glycerol) containing 5% 2-mercaptoethanol. Insoluble material was removed by centrifugation for 5 min at 16,000 ϫ g. Extracts were fractionated on 12.5% polyacrylamide gels using the Tris glycine-SDS system (24) with molecular mass markers (94 kDa, phosphorylase b; 67 kDa, bovine serum albumin; 43 kDa, ovalbumin; 30 kDa, carbonic anhydrase; 20 kDa, soybean trypsin inhibitor; 14 kDa, ␣-lactalbumin). Separated proteins were electrophoretically transferred to nitrocellulose, and the membranes were blocked by overnight incubation in 5% fetal calf serum in Tris/saline/ Tween (TST: 0.01 M Tris, pH 8.5, 0.15 M sodium chloride, 0.1% Tween 20) (25) . Blots were incubated with rabbit antisera to Ov-CHI-1 at 1:3000 dilution in TST. Control blots were probed with preimmune rabbit IgG. Goat anti-rabbit IgG (heavy ϩ light chain) horseradish peroxidase conjugate (Nordic, 1:2000) was used to localize antibodyantigen complexes. Blots were developed using 0.05% (w/v) 3,3Ј-diaminobenzidine tetrahydrochloride solution.
Immunogold Electron Microscopy with O. volvulus-Adult worms within nodules, developing larvae within blackflies (from day 1 to day 8 post-transmission), and post-infective larvae in culture (described below) were fixed in 2% paraformaldehyde, 0.5% glutaraldehyde in 0.075 M sodium cacodylate buffer and embedded for immunoelectron microscopy, as described (26) . Sections (90 nm) mounted on Formvar-coated nickel grids were reacted with rabbit antisera to recombinant Ov-CHI-1 serially diluted from 1:200 to 1:1000 in 1% bovine serum albumin, 0.01% Tween 20 in phosphate-buffered saline. Control sections were probed with normal rabbit serum, antisera to unrelated antigens, and the incubation buffer alone. Antibody-antigen complexes were revealed by reaction with goat anti-rabbit IgG conjugated to 10, 15, or 20 nm gold (British Biocell). Sections were counterstained in 2% aqueous uranyl acetate solution.
Chitinolytic Assay-Chitinase activity in parasite extracts was measured using glycol-chitin substrate gel electrophoresis (27) . Extracts of larvae were prepared in sample buffer (24) , without 2-mercaptoethanol or boiling, and subjected to SDS-polyacrylamide gel electrophoresis on 8 -20% gradient gels containing 0.01% (w/v) glycol chitin. Following electrophoresis, gels were immersed in 100 mM sodium acetate buffer, pH 5.0, containing 1% (v/v) Triton X-100 and incubated overnight at 37°C. The gels were stained for glycol chitin with calcofluor white M2R (Sigma) in 500 mM Tris-HCl, pH 8.9, and de-stained in water. Ultraviolet light was used to excite the fluorochrome and reveal dark bands of lysis corresponding to chitinolytic activity.
Enzyme Extraction and Assay-O. volvulus infective L3 larvae were homogenized in 200 l of ice-cold 0.1 M sodium acetate buffer, pH 6.2. The homogenate was centrifuged at 14,000 ϫ g for 10 min, and the supernatant was assayed for chitinase activity using the method of In Vitro Moulting and the Effects of Allosamidin-Cryopreserved O. volvulus and Onchocerca ochengi (a closely related cattle parasite) infective L3 larvae were prepared for in vitro culture to promote further differentiation and moulting, equivalent to that seen following transmission to the vertebrate host (29, 30) . Thawed larvae were washed three times by centrifugation (750 rpm for 5 min) and resuspension in tissue culture medium comprising an equal ratio of NCTC-135 and IMDM media (Life Technologies, Inc.) supplemented with 10% fetal calf serum, 200 units/ml penicillin, and 200 g/ml streptomycin. Single larvae was added to individual wells of a 96-well flat bottom tissue culture plate (Nunc, Life Technologies, Inc.) each containing 1.5 ϫ 10 4 bovine peripheral blood mononuclear cells in the same medium. The larvae were incubated at 37°C in a 5% CO 2 atmosphere and examined microscopically every 24 h for 8 days in order to assess moulting. The effects of allosamidin (31) on moulting were tested by addition of the inhibitor to the culture medium at concentrations between 5 and 5000 nM. To establish whether allosamidin could penetrated the filarial cuticle, a culture of A. viteae L3 larvae was set up with biotinylated allosamidin at a concentration 5000 nM (32) . A second culture was run in parallel in the absence of biotinylated inhibitor, as a negative control. Larvae were fixed for immunoelectron microscopy after 3-7 days. Ultrathin sections were processed with goat anti-biotin-conjugated gold (British Biocell) at a concentration of 1:200.
C. elegans Culture and cDNA Isolation-Conditions for growth and maintenance of the C. elegans N2 strain are described by Brenner (33) . Life cycle stages of the worm were prepared as described by Wood et al. (34) . C. elegans chitinase cDNA was obtained by reverse transcriptase-PCR using an oligo(dT) primer as the first-strand anchor and a C. elegans chitinase-specific primer (5ЈAAGCTTAGCTACATCAGACCGT-GCTAC3Ј) deduced from the reported sequence (GenBank TM accession number U42835). The recombinant protein was expressed, and the antiserum was produced as described above.
RESULTS

Ov-CHI-1 Is a Family 18
Glycosyl Hydrolase-Family 18 glycosyl hydrolases possess a consensus pattern in their primary amino acid sequence (LIVMFY)(DN)G(LIVMF)(DN)(LIV-MF)(DN)XE in which glutamic acid is the critical active site residue (described in the PROSITE data base). To test whether Ov-CHI-1 belongs to family 18 glycosyl hydrolases, we compared the inferred amino acid sequence with that from other members of the family. Three other sequences were included in the comparison as follows: human macrophage chitotriosidase (GenBank TM accession number U29615) (35); B. malayi microfilarial chitinase (GenBank TM accession number M73689); and an uncharacterized open reading frame from C. elegans (GenBank TM accession number U42835) annotated as a family 18 glycosyl hydrolase. An alignment of the deduced amino acid sequence of Ov-chi-1 with those from C. elegans and human is shown in Fig. 1 (an alignment of Ov-chi-1 with the B. malayi sequence has been published previously (8) Fig. 1 ). The active site glutamic acid residue is conserved in all species.
Ov-CHI-1 Possesses Enzyme Activity That Can Be Inhibited by Allosamidin-Native Ov-CHI-1 obtained from extracts of O. volvulus L3 larvae demonstrates chitinolytic activity as determined by glycol chitin substrate gel electrophoresis ( Fig. 2A) . Enzyme activity was observed as two bands of hydrolysis at apparent molecular masses of 61 and 58 kDa. The enzyme activity from O. volvulus L3 larvae was relatively low compared with A. viteae based on signal intensities in this assay. In Fig. 2A , the loading for O. volvulus represents enzyme derived from 800 larvae. The loading for A. viteae is equivalent to 100 larvae. Even taking into account the greater size of A. viteae, it is apparent that the O. volvulus enzyme is less active or abundant (or both). There is an apparent difference in the molecular mass of the chitinases from L3 larvae of O. volvulus (60 kDa) and A. viteae (75 kDa) as determined by SDS-polyacrylamide gel electrophoresis. The difference seen in Fig. 2A is confirmed by the immunoblots in Fig. 4 . Because the predicted molecular sizes from the amino acid sequences are similar (56 and 58 kDa respectively), it is possible that there are differences at the level of post-translational modification. There is evidence of N-linked glycosylation for the enzyme from A. viteae (8) that may account for some or all of the differences.
Ov-CHI-1 activity was also tested by reaction with 4-MU-(GlcNAc) 3 and the release of fluorescent oligosaccharides, as shown in Fig. 2B . Allosamidin is a glycoside antibiotic that has been shown to be a strong, competitive inhibitor of chitinases from insects and yeast (36, 37) , as well as from extracts of Onchocerca adult worms (17) . In the current experiments, it inhibited the chitinolytic activity of O. volvulus L3 extracts in a dose-dependent manner; there was a 70% inhibition of activity at 2 nM allosamidin in the presence of 20 M substrate and complete ablation of activity at 5 nM allosamidin.
The Effects of Chitinase on Moulting-Previously, it has been shown that the chitinase from A. viteae L3 larvae is expressed during differentiation in the intermediate host and secreted 3-6 days after entry into the phase of development in the vertebrate host (simulated by in vitro culture conditions (8)). The high levels of secretion decline sharply coincident with the time of larval moulting. This suggests that the chitinase expressed by L3 larvae may be involved in either moulting or egress from the vector (via the mouth parts) during transmission. To test whether Ov-CHI-1 is involved in the moulting process, cultures were set up in the presence and absence of allosamidin (Table I ). The in vitro moulting experiments demonstrate that at a concentration of inhibitor (5 nM) that virtually ablates activity of the extracted enzyme (Fig. 2B) , there is no effect on moulting (Table I) . Moreover, a concentration of allosamidin of 3 orders of magnitude greater still did not depress moulting ( Table I) . At both concentrations, there was no apparent effect on larval viability (data not shown).
It was demonstrated that allosamidin penetrated the cuticle of filarial larvae, in an experiment utilizing L3 stages of A. viteae incubated in biotinylated allosamidin. Larvae examined by immunoelectron microscopy revealed labeling throughout the cuticle and hypodermis after exposure to the biotinylated inhibitor (Fig. 3B) . No labeling occurred in sections of worms from a control culture lacking inhibitor (Fig. 3A) .
Characterization of Rabbit Antibodies to Ov-CHI-1-Four recombinant proteins (3Ј-protein and 5Ј-protein, spontaneously truncated full-length protein and stable full-length protein) generated from different fragments of Ov-chi-1 were used to raise anti-chitinase antibodies in rabbits. Their reactivity was determined by immunoblot analysis, as shown in Fig. 4 .
Antibodies raised against the 5Ј-construct (Fig. 4A) reacted, as expected, with the full-length protein (lane 4) and the portion used to immunize (lane 2) but not with the 3Ј-protein (lane 1). There was strong reactivity with the spontaneously truncating full-length construct (lane 3), implying that the N-terminal end of the truncated protein was preserved. Antibodies raised against the 3Ј-construct (Fig. 4B) reacted, as expected, with the full-length protein (lane 4) and the portion used to immunize (lane 1) but not with the 5Ј-construct (lane 2). Thus, the 5Ј-and 3Ј-constructs appear to be antigenically distinct. There was a weak response with the truncated product (lane 3) suggesting that at least some of the carboxyl end of the truncated protein was preserved. Antibodies raised against the truncated protein reacted in a similar manner to the 5Ј-construct (data not shown). Further characterization of the truncation was not attempted, although sequencing of the insert confirmed that at the DNA level the construct was stable (data not shown). Antibodies raised against the stable full-length protein (Fig. 4C ) reacted with each of the constructs. This indicates that a response may be engendered to both the N-and C-terminal domains by the intact protein. The antiserum is therefore likely to contain a mixture of specificities, those that cross-react among family 18 glycosyl hydrolases by virtue of the conserved N-terminal domain (Fig. 1) and those that are relatively specific to a given orthologue by virtue of the degenerate C terminus. Rabbit antibodies of this type were used in subsequent analyses of gene expression in O. volvulus and related species of filariae.
Immunoblot Analysis of Ov-CHI-1 Expression-Proteins extracted from key life cycle stages of O. volvulus, A. viteae, and B. malayi were probed with rabbit antisera to Ov-CHI-1 (Fig. 5) .
In O. volvulus, the major reactivity was observed in L3 larvae (Fig. 5A) . The major polypeptide detected has an apparent molecular mass of ϳ60 kDa, consistent with the predicted size from the Ov-chi-1 open reading frame and the band of chitinolytic activity seen on glycol chitin substrate gels. An additional polypeptide of 110 kDa was recognized in immunoblots of L3 larvae (Fig. 5A) , although no corresponding band was detected in the substrate gel. This may be an antigenically related stage-specific molecule or native Ov-CHI-1 bound in a homodimeric or heteromeric complex (in an enzymatically inactivated state). A 43-kDa protein was also observed in L3 larvae and adult male and female worms. This is not surprising because it is well established that adult Onchocerca parasites possess chitinase activity (17) . The primary structure of this 43-kDa protein has not been determined. It may, or may not, belong to the same family of glycosyl hydrolases. However, it differs from Ov-CHI-1 in stage specificity and size and was not investigated further in these experiments.
Antibodies to Ov-CHI-1 reacted strongly with stage-specific polypeptides from A. viteae and B. malayi (Fig. 5B) . The L3-specific, 75-kDa polypeptide (Fig. 5B, lane 2) recognized by antibody in A. viteae corresponds with a chitinase previously identified and characterized in an earlier report (8) . A second, weaker band of 43 kDa was also detected. The 75-kDa protein shows chitinolytic activity on substrate gels (see Ref. 8 and Fig.  2A ), whereas the 43-kDa protein does not. Its relationship, if any, with the 43-kDa protein in immunoblots of O. volvulus remains to be determined. The highly antigenic triplet of polypeptides (of ϳ68 -73 kDa) in B. malayi (Fig. 5B, lane 5) is characteristic of the microfilarial chitinases described by Fuhrman et al. (9) . As expected, they are highly stage-specific to microfilariae, as reported previously (9) . The chitinases from A. viteae and B. malayi share a high degree of primary amino acid sequence similarity (67-69%) with Ov-CHI-1 (8) . This indicates that the observed antigenic cross-reactivity is a feature of these family 18 glycosyl hydrolases. The marked, but differing, stage-specific patterns of expression is intriguing and implies important differences in functional utility.
Expression and Localization of Ov-CHI-1 during Parasite Development Revealed by Immunoelectron Microscopy-Immu-
noelectron microscopy revealed a similar pattern of stage-specific expression for Ov-CHI-1 to that detected by immunoblotting, and more closely defined the timing and tissue location of synthesis, storage, and secretion. The results demonstrate that Ov-CHI-1 is a major product of the glandular esophagus in O. volvulus infective L3 larvae. It is synthesized during development in the blackfly vector and secreted during post-infective development. Immunoreactive inclusions bodies were also detected in the syncytial hypodermis of adult worms.
Labeling was detected for the first time in sections of larvae taken 6 days after infection of the vector (corresponding with the timing of the L2 to L3 moult). This occurred in glandular tissues associated with the distal portion of the esophagus (Fig.  6A, i) , although it was not until day 7 that it could clearly be seen to be concentrated within discrete secretory granules (Fig.  6A, ii) . In early L3 larvae, 7 days post-infection, the extent of biosynthetic activity in the glandular esophagus was most apparent at low magnifications (Fig. 6A, iii) . Intense labeling was present throughout the cytoplasm, and the abundance of secretory granules had significantly increased. In fully differentiated, infective L3 larvae on day 8, most labeling were concentrated within the granules (Fig. 6A, iv) . Generally all granules were labeled, although in some sections there was a range of intensities (as shown in Fig. 6A iv) , implying that the abundance of Ov-CHI-1 within individual granules may vary. However, no systematic pattern to account for such variability was detected, and its biological significance, if any, remains to be determined.
Sections of larvae undergoing post-infective development in vitro showed fundamental changes in the architecture and labeling of the glandular esophagus. Within 24 h, some secretory granules had begun to degranulate (Fig. 6B, i) , and by 48 h this was well advanced (Fig. 6B, ii) . Labeling of residual granules, such as there were, was weak. At 48 h, the glandular esophagus itself was relatively degenerate, as observed by conventional light and electron microscopy techniques (29, 30) . Immunogold sections of the cuticle in post-infective larvae showed significant labeling after 48 h (Fig. 6C, i) , indicating the translocation of Ov-CHI-1 from the glandular esophagus to the surface of the worm. Labeling was strongest at the epicuticle, although it was detected throughout the cuticular matrix. The route of transport was not positively ascertained. Nevertheless, significant labeling was not detected in the esophageal lumen and most appeared to be associated with the pseudocoelom once the glandular esophagus had begun to break down. This suggests a route of transportation across the cuticle from the pseudocoelom. By the time the L4 cuticle had formed and ecdysis had begun, the labeling was relatively weak and what remained was mostly associated with the interface between the old and new cuticles (Fig. 6C, ii) . Thereafter, no further labeling was observed.
In sections of adult worms, labeling of inclusion bodies within the hypodermis were observed, both in females (Fig. 6D , (lanes 1-4) and B. malayi (lanes 5-8) life cycle stages probed with anti Ov-CHI-1. Samples are microfilariae ( lanes 1 and 5) ; L3 larvae (lanes 2 and 6); adult female (lanes 3 and 7) , and adult male (lanes 4 and 8) . i) and males (Fig. 6D, ii) . These structures were irregular in shape, in contrast with the ovoid secretory granules in the glandular esophagus of L3 larvae. Inclusion bodies were not abundant in adult hypodermis and were present only in the posterior portion of the worm, as described previously (39) . Possibly, the protein labeled in sections of adult worm relates to the 43-kDa antigen detected by immunoblotting (Fig. 5A) . Further characterization of the protein in adult worms was not undertaken.
The Orthologue of Ov-chi-1 in C. elegans Is Expressed and Is Present Throughout the Life Cycle, with Enhancement in Two
Stages-A BLAST search of the C. elegans nucleic acid data base with the sequence of Ov-chi-1 identified a single genomic sequence with a high matching score (1.2e-81) and the canonical sequence motif a family 18 glycosyl hydrolase (Fig. 1) . This implies that C. elegans has an orthologous gene. It was the only family 18 glycosyl hydrolase to be identified, although other sequences annotated as having "similarity to chitinase" or "chitinase-like repeat" occur in the data base.
To ascertain whether the gene is transcribed, the predicted open reading frame was amplified by PCR from C. elegans cDNA using gene-specific primers. The amplified product corresponded with the expected size and sequence of the transcript (data not shown), and an expression product was obtained in E. coli. Immunoblotting of C. elegans life cycle stages with rabbit antibodies raised against the C. elegans orthologue revealed a single band with a molecular mass of 60 kDa, as predicted from the primary amino acid sequence. It was detected in each stage of C. elegans examined (Fig. 7) but appeared to have enhanced expression in dauer larvae and eggs (lanes 5 and 6) . Interestingly, the intensity of expression in eggs within the uterus was weak and increased significantly after they had been laid (data not shown). To test for chitinase activity in C. elegans, a 4-MU-(GlcNAc) 3 assay was performed. Chitinolytic activity was detected in worm extracts and was inhibited by allosamidin (Table II) . Variability was seen in the inhibitory potency of allosamidin between eggs and free-living stages. Possibly, a second chitinolytic activity is present in eggs, or they may possess an endogenous inhibitor of allosamidin (such as an alternative substrate). A detailed study of the C. elegans system, however, was not pursued in the context of the current investigation.
DISCUSSION
The IUB-MB enzyme nomenclature of glycosyl hydrolases is based predominantly on substrate specificity. The new classification of glycosyl hydrolases into families developed by Bernard Henrissat is sequence-dependent (2) . This has the advantage of permitting rapid bioinformatic approaches to the identification of orthologous genes across taxa. As a consequence, it opens the way for use of model organisms to investigate function, guided by an understanding of the patterns of spatial and temporal expression of the gene in the target species. With the information presented here for Ov-CHI-1, and the identification of an orthologue in the model nematode C. elegans, it should be possible to use a broad range of experimental approaches to address the biological function(s) of family 18 glycosyl hydrolase genes in O. volvulus. Because the family 18 glycosyl hydrolase of C. elegans appears to be a single copy gene, such opportunities include gene knockouts or RNA ϭ mediated interference experiments in C. elegans and transgenic rescue using the parasite orthologue (40) . Site-directed mutagenesis and structural studies might also throw light on critical residues or conformations specifying differences in enzymatic activities among the orthologous genes from parasitic and non-parasitic species (4, (42) (43) (44) .
The expression of Ov-CHI-1 in O. volvulus is intimately associated with the glandular esophagus. This is a structure built specifically by developing larvae within the arthropod vector and an organ with the primary purpose of storing materials required during the immediate period after transmission of the parasite to the vertebrate host. Secretory granules within the glandular esophagus contain a wide variety of gene products. 2 The storage and secretion of Ov-CHI-1 is therefore not controlled at the level of the individual gene product. Rather, it is a constituent of a larger group of materials that are laid down in the developing parasite and may well be subject to coordinated expression. The secretion of chitinase during degranulation of the glandular esophagus is similarly an event that involves a wider, coordinated release of preformed materials. The role of Ov-CHI-1 is therefore likely to involve some aspect of transmission. Its precise role, however, may only be apparent when considered alongside the actions of other gene products expressed and secreted by the glandular esophagus.
Chitinases are thought to play important roles in the life cycles of a diverse range of parasites. For example, in O. gibsoni adult worms, chitinase is believed to degrade the chitinous oolema surrounding the developing eggs in utero (17) . The microfilariae are born ovo-viviparously, shedding the egg shell shortly before birth. This may be the purpose of chitinase activity during embryonic development in O. gibsoni and possibly in other filariae with "unsheathed" microfilariae. In contrast, the protozoan hemoflagellate, Leishmania major, is believed to use chitinase to degrade external structures within its sandfly vector (5) . In this way, chitinase contributes to the infectivity and transmissibility of the parasite. Similarly, ookinetes of malaria parasites in mosquitoes appear to use chitinase to penetrate the peritrophic membrane surrounding the midgut epithelium (4, 38) . Until comparatively recently, it was thought humans lack enzymes with chitinolytic activity, making this an attractive target for drug development for infectious disease agents. However, it is now known that humans do have such enzymes. Cartilage glycoprotein-39 (HC gp-39) is a member of family 18 glycosyl hydrolases secreted by chondrocytes and synovial cells. The function of gp-39 is unknown, but the pattern of its expression in normal and disease states suggests that it could function in the re-modeling or degradation of the extracellular matrix (45) . Human macrophage chitotriosidase is a secreted chitinase that is markedly elevated in the plasma of Gaucher disease patients. Chitotriosidase expression occurs at a late stage in differentiation of monocytes to activated macrophages. The enzyme may play a role in the degradation of chitin-containing pathogens and may be useful as a marker for specific disease states (35) . A new eosinophil chemotactic cytokine has also been identified as a chitinase (41) . There may therefore be a number of novel roles for chitinases, both in pathogen and mammalian biology. Ov-CHI-1 was found not only to share sequence similarity with chitinases but also to possess chitinolytic activity that could be ablated by the specific, competitive inhibitor allosamidin. In insects, the inhibition has been observed both in vitro and in vivo. In silkworms, its functional effect is to perturb ecdysis by blocking enzyme activity associated with moulting (31) . Allosamidin also blocks development of the oocysts of malaria parasites within mosquito midgut (39) . It is not known whether Ov-CHI-1 is involved in moulting or in some other aspect of larval development. What is clear is that it is primarily expressed only in infective L3 larvae. So if its role is to mediate ecdysis, this must be a feature unique to the L3 cuticle. Moreover, the orthologue in B. malayi is not expressed in L3 larvae but in the microfilariae. Attempts to inhibit moulting of Onchocerca L3 larvae in vitro were not successful. We were able to ascertain that the inhibitor penetrates the filarial cuticle using biotinylated allosamidin. However, it may be that the conditions used in these experiments were suboptimal (for example, the inhibitory potency of allosamidin is pH-dependent). Unfortunately, physicochemical conditions were constrained by the need to maintain appropriate growth conditions for the parasite (which is highly fastidious). It therefore remains to be confirmed that Ov-CHI-1 does not play a role in ecdysis. It also remains to be tested whether an alternative biological function is to aid in penetration of the labia/hypopharynx during blood feeding by blackflies. It may even be involved in penetration of tissues following entry into humans. Such roles in transmission will be difficult to test by direct experiment. The use of complementary approaches with model organisms and recombinant proteins is therefore important, and should lead to a better appreciation of the natural substrates of Ov-CHI-1, from which biological function can be deduced.
